analyzed with a time-of-flight mass spectrometer and detected with a position-sensitive detector whose output provides clear evidence that all energetic fragment ions are collected. The overall uncertainty in the absolute cross-section values for singly charged parent ions is Ϯ3.5% and is marginally higher for fragment ions. Previous cross-section measurements are compared to the present results. ͓S1050-2947͑96͒06709-1͔
I. INTRODUCTION
Ionization of atoms and molecules by electron impact is of fundamental importance in atmospheric science, plasma processes, and mass spectrometry. An extensive review of the literature reveals, however, that although there have been many studies of the rare gases, few measurements have been reported for electron-impact ionization of molecules. Of these the most widely known and referenced are the absolute total cross-section measurements of Rapp and EnglanderGolden ͓1͔. Several experimenters have since employed mass spectrometry to measure partial cross sections for individual ionic products; however, almost without exception, these studies yielded relative cross sections that were then normalized to the absolute total cross sections, most commonly those measured by Rapp and Englander-Golden. The only truly absolute partial cross sections that have been previously reported for molecules appear to be those by Peterson ͓2͔ and Freund, Wetzel, and Shul ͓3͔ who used the fast neutral beam technique. This paper reports absolute partial cross sections for electron-impact ionization of H 2 , N 2 , and O 2 from threshold to 1000 eV. The measured processes are the production of H 2 ϩ and H ϩ from H 2 , the production of , and O 2ϩ from O 2 . The results are obtained with a time-of-flight mass spectrometer coupled with position-sensitive detection of the product ions. The individual cross sections for N ϩ and N 2 2ϩ and for O ϩ and O 2 2ϩ cannot be separately determined because each set of ions has the same mass-to-charge ratio and, therefore, the same flight times in the mass spectrometer.
II. APPARATUS AND EXPERIMENTAL METHOD
The apparatus shown in Fig. 1 has been previously discussed in detail ͓4͔. Briefly, during a cross-section measurement the entire vacuum chamber is filled with the target gas at a pressure of approximately 3ϫ10 Ϫ6 Torr. At a repetition rate of 2.5 kHz, 20-ns-long pulses of approximately 2500 electrons are directed through an interaction region, located between two plates maintained at ground potential, and are then collected in a Faraday cup. Approximately 200 ns after each electron pulse, an electric field is applied across the interaction region to drive any positive ions formed by electron impact toward the bottom plate. This electric field is generated by applying a 2-kV pulse with a 300-ns rise time to the top plate. Some ions pass through a grid-covered aperture, of length 1.91 cm in the direction parallel to the electron beam, in the bottom plate. These ions are then accelerated, to an energy of 4.6 keV for singly charged ions, and subsequently impact a position-sensitive detector ͑PSD͒ that records both their arrival times and positions. This system is a time-of-flight mass spectrometer. The ion arrival times identify their mass-to-charge ratios and the ion arrival positions serve to demonstrate complete collection of energetic fragment ions from dissociative ionization.
Under conditions in which very few of the incident electrons produce an ion, the partial cross section (X) for production of ion species X is given by
where N i (X) is the number of X ions produced by a number N e of electrons passing a distance l through a uniform gas target of number density n. Determination of absolute partial cross sections, without recourse to normalization using the absolute cross section measurements of others, requires mea- surement of all the quantities on the right-hand side of Eq. ͑1͒ and the remainder of this section describes these measurements. Measurements of N e and n are relatively straightforward and were described in detail in an earlier paper ͓4͔. Briefly, the electron beam current is collected in the Faraday cup and measured with an electrometer operating in the charge collection mode while the target number density is determined from measurements of the target gas pressure using a capacitance diaphragm gauge.
Measurement of N i (X) is accomplished with the time-offlight mass spectrometer. A representative time-of-flight spectrum for N 2 is shown in Fig. 2 which demonstrates that the mass resolution is sufficient to separate product ions having different mass-to-charge ratios. The small contribution to the spectrum due to residual background gas is determined by removing the target gas from the vacuum chamber and again recording the time-of-flight spectrum. The background correction to the measured ion signals is less than 1% except for peaks that overlap with water vapor, the principal background gas present in the vacuum system. For H , the peaks that overlap with the ions from water vapor, the background correction is less than 10% except near threshold. ions have sufficient energy to reach the extreme edges of the PSD. For N 2 and O 2 , it was determined that all energetic ions from dissociative ionization were collected when the separation between the top and bottom plates was 6.2 cm while for H 2 it was found necessary to reduce this separation to 3 cm in order to collect all of the H ϩ . The cross sections for all three target molecules were initially measured using a PSD with a diameter of 25 mm. A few of the more energetic fragment ions, however, impacted near the edges of the PSD and to demonstrate unequivocally that they were indeed being completely collected, the cross sections were remeasured using a larger PSD with a diameter of 40 mm. For these measurements, the dimension of the rectangular aperture, in front of the PSD, was increased to 4.0 cm perpendicular to the electron beam while leaving unchanged the 1.91-cm dimension in the parallel direction. To within the uncertainties stated in Table I , no changes in the measured cross sections were observed, demonstrating that all of the energetic fragment ions were indeed being collected with the 25-mm-diameter PSD. From a knowledge of an ion's flight time and the geometry of the apparatus, the maximum kinetic energy of a fragment ion for which there is complete collection is readily calculated. For the 40-mmdiameter PSD, H ϩ ions with kinetic energies up to 17 eV, N ϩ and O ϩ ions with kinetic energies up to 21 eV, N 2ϩ ions with kinetic energies up to 35 eV, and O 2ϩ ions with kinetic energies up to 33 eV are completely collected.
An alternative way of presenting the data is illustrated in Fig. 4 in which the ion arrival position distributions of the type shown in Fig. 3 are integrated along the electron beam axis ͑the x direction in Fig. 3͒ and combined with the timeof-flight spectrum. The data shown in Fig. 4 were obtained with the 40-mm-diameter PSD and it is evident that all ions are collected for both the 25-mm-diameter and 40-mmdiameter PSD. The width in both position and time of the singly ionized parent molecule peak is due to the spatial extent of the electron beam while the greater width for the fragment ion peaks is due primarily to their initial velocities perpendicular to the electron beam. Figure 5 shows similar plots obtained for H 2 at three additional electron energies. These plots show that there is always a low-energy contribution to the H ϩ energy distribution together with a highenergy contribution that grows with increasing electron energy.
Accurate measurement of N i (X) requires that the detec- tion efficiency for each ion species be known. This was determined by repetitively directing an ion beam of appropriate species and energy alternately onto the PSD and into a second Faraday cup ͑not shown in Fig. 1͒ . For an impact energy of 4.6 keV for singly charged ions, which is the same impact energy employed during cross-section measurements, the detection efficiency was found to have values between 40.0% and 40.5% for all ion species. This same detection efficiency range was observed previously ͓4͔ for argon ions using the same grid and PSD and results from a PSD efficiency of 62% and a grid transparency of 65%. The fact that all ions, regardless of their mass-to-charge ratios, are detected with the same efficiency supports the view that, in the present experiment where the ion impact energy on the PSD is large, every ion entering a channel opening of the first microchannel plate of the PSD is detected.
Determination of l, the effective path length along the electron beam from which the collected ions originate, was discussed previously ͓4͔ for argon ions. It was shown that the high degree of uniformity of the extraction field coupled with the fact that all argon ions were formed with thermal energy ensured that ions impacting the PSD had originated from a translational symmetry of the apparatus along the electronbeam axis and the uniformity of the extraction field ensures that for every ion produced in the region directly above the PSD that escapes detection, one from outside this region will be detected. In the case of 15-eV H ϩ , ions that impact the PSD actually come from a region that is 4.7 cm long although the effective length from which they originate is still given by the 1.91-cm length of the aperture in front of the PSD. Since the top and bottom plates are 19 cm long in the direction parallel to the electron-beam axis, all detected ions originate in a region far removed from the outer edges of the electrodes and thus in a region where the electric field is highly uniform.
III. CROSS-SECTION MEASUREMENTS
Measurement of all the quantities on the right-hand side of Eq. ͑1͒, as described in the preceding section, allows direct determination of absolute partial cross sections. Since measurements of n are extremely time consuming, absolute measurements of the cross section for single ionization of the parent molecule were made only at a limited number of electron energies. The absolute cross sections so obtained were then used to place the remaining measurements on an absolute scale. Checks were performed for each target molecule to establish the independence of the measured cross sections with respect to both the target gas pressure and electron beam current.
A detailed analysis of the experimental uncertainties has been given previously ͓4͔. Table I gives the ion counting statistics and the relative and absolute uncertainties for all cross sections measured in this work. The relative uncertainties come from the ion counting statistics and a Ϯ0.5% uncertainty in the electron beam current measurement. The absolute uncertainties in the cross sections come from the ion counting statistics, a Ϯ0.5% uncertainty associated with determination of the detection efficiency, a Ϯ0.5% uncertainty in the electron beam current measurement, a Ϯ0.5% uncertainty in the calibration of the electrometer used for the electron beam current measurement and PSD detection efficiency determination, a Ϯ1% uncertainty in the target length, a Ϯ2.5% statistical uncertainty and a Ϯ1% calibration uncertainty in the pressure measurement with the capacitance diaphragm gauge, and a Ϯ0.2% uncertainty in the temperature measurement needed for calculation of the number density. The energy of the electron beam was established to better than Ϯ1 eV by observing the threshold for He ϩ formation.
IV. RESULTS AND DISCUSSION
The measured partial cross sections for H 2 , N 2 , and O 2 are listed in Tables II-IV and are plotted in Figs. 6-8 together with previously published partial cross sections. Total cross sections obtained as the sum of the present partial cross sections ͑i.e., the counting cross section͒ are shown in Figs. 9-11 together with previously published direct measurements of the absolute total cross sections. The total cross sections of Tate and Smith ͓5͔, Schram et al. ͓6, 7͔, Cowling and Fletcher ͓8͔, and Asundi, Craggs, and Kurepa ͓9͔ were obtained from measurements of total charge production ͑i.e., the gross ionization cross section͒. Their cross sections are thus the sum of the partial cross sections weighted by the charge of the ion. In the case of H 2 these two types of total cross section are identical since all ions are singly charged while for N 2 and O 2 , where multiply charged ions occur, the difference between the two types of total cross sections is estimated to be less than 2%. The total cross section data for H 2 show excellent agreement except for the measurements of Schram et al. ͓6, 7͔, which cury pumping effect. For all three targets, the absolute values of Rapp and Englander-Golden ͓1͔ agree with the present measurements to within the combined uncertainties.
Previously published partial cross sections are shown in Figs. 6-8 with the exception of those of Peterson ͓2͔, which are clearly in error. It should be noted that previous partial cross-section measurements generally report uncertainties of Ϯ8% to Ϯ15% while the uncertainties for the present results are Ϯ5.5% or less. The only absolute measurements shown, other than the present results, are the N 2 ϩ cross sections of Freund, Wetzel, and Shul ͓3͔, which agree with the present results to within the combined uncertainties. Krishnakumar and Srivastava ͓10-12͔ measured relative cross sections that were then normalized using the He cross section recommended by Bell et al. ͓13͔ , which agrees very well with the He cross section of Rapp and Englander-Golden ͓1͔. All of the cross sections of Krishnakumar and Srivastava ͓10-12͔ agree with the present results to within the combined uncertainties, however, Krishnakumar and Srivastava would agree even better with the present results had they directly normalized to Rapp and Englander-Golden's total cross sections for H 2 , N 2 , and O 2 instead of indirectly normalizing to Bell et al.' The data of Rapp, Englander-Golden, and Briglia ͓18͔, which are included for completeness, are for the production of H ϩ with kinetic energies greater than 2.5 eV in H 2 and for the production of ions with kinetic energies greater than 0.25 eV in N 2 and O 2 .
V. CONCLUSION
An apparatus and experimental method are described that permit direct measurements of absolute partial cross sections for electron-impact ionization of molecules. The apparatus is simple in concept and embodies a short path length time-offlight mass spectrometer and a position-sensitive detector for the product ions. The combination of these two devices makes it possible to unequivocally capture all energetic fragment ions formed in dissociative processes and to detect them with known efficiency. Difficulties that plagued many of the earlier investigations have thereby been eliminated.
